Abstract. The influence of a laser field on the scattering rate for the electron-phonon interaction in semiconductor layered heterojunction structures is discussed. It is found that for a laser beam polarised in the layer plane and with a frequency w such that ut > 1, where r is the carrier relaxation time, the phonon-limited mobility increases with increasing laser field strength.
The recent advances in semiconductor device fabrication has stimulated a considerable interest in the investigation of the transport properties of the two-dimensional electron gas present in modulation-doped heterostructures, such as GaAs-Al,Gal -,As (Esaki andTsu 1969 ,1979 , Dingle 1975 . In these structures, the carrier motion is confined along the superlattice period leading to a quasi-two-dimensional electron gas in the plane perpendicular to the superlattice axis, such that the carrier states may be approximately described by the wavefunctions (Ando el aZ1982) 2 lJ2 q k n = ('7) exp(ik r) sin(nnz/d) with the associated eigenvalues given by (n = 1 , 2 , 3 . . .).
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Here, k = (k,, k y ) is the two-dimensional carrier wavevector, r = ( x , y ) is the twodimensional position vector in the layer plane, z is the coordinate perpendicular to the plane of the layer, Vis the volume, and d is the layer thickness. For a review on both the optical and the transport properties of these layered structures, we refer to the work of Ando et a1 (1982) . In particular, it is by now well established (Hess 1979 , Arora and Awad 1981 , Price 1981 , Kelly 1983 that, even at low temperatures, the acoustic-phonon scattering is the dominant scattering mechanism for carriers in thinner layers. In other words, the scattering by phonons is the dominant limitation on carrier mobility in layered structures. This conclusion was demonstrated (Hess 1979) by calculating the scattering rates of free carriers which are confined to one quantum well (i.e. n = 1) assuming that the phonons are not influenced by the layered structure and that they are confined to one layer. These conditions can be realised for a single quantum well between materials having similar dielectric constant, mass densities and lattice constants.
In this Letter we report on the influence of an intense laser field on the phononlimited mobility in layered structures. The following assumptions are made. (i) We assume the so-called size quantum limit in which most of the carriers are in the lowest n = 1 quantum level, so that they behave essentially as a two-dimensional electron gas.
This assumption requires, according to equation (2), that EO S k~ T or T < o, where TO = dh2/2md2k~. For the case of a GaAs quantum well (m = 0.07 me) with d = 50 A, TO = 2473 K, so that the size quantum limit condition is well satisfied even at room temperature.
(ii) We also assume that the laser photon energy is not sufficient to cause a transition to the next higher sub-band, i.e. we require that the laser frequency w satisfies the condition w WO, where WO = 3hn2/2mdZ. For the above GaAs quantum well, WO = 9.75 x 1014 s-', so that the non-resonance condition is well satisfied for high-power IR lasers, such as a CO2 laser ( w = 1.78 X 1014 s-l). Furthermore, this condition for no direct radiative transitions between the sub-bands to occur is also reached by choosing the laser beam to be polarised in the layer plane. For this particular choice of the laser polarisation, the electron in the n = 1 state is 'infrared inactive' for a transition to a higher sub-band level. (iii) Finally, we assume, as in the work of Hess (1979) , that the phonons are not influenced by the layered structure and that they are confined to a single layer. The laser beam, assumed to be circularly polarised in the plane of the layer, is treated as a classical plane electromagnetic wave in the dipole approximation. The carrier states are described by the solution to the Schrodinger equation for an electron in the field of a classical electromagnetic wave, described by the vector potential A(t) = ( c E~/ w ) ( f cos o r + 9 sin of), namely (Volkov 1935 , Galviio and Miranda 1983 ,1983a e l
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and q k ( r , t ) is the wavefunction for an electron with wavevector k = ( k x , ky) in the absence of the radiation field, namely q& = exp(ik * r ) exp(-i&kt/h). Equation (3) means that by performing a unitary transformation (i.e. a space translation) given by
we change from a field-dependent ( q ) representation into a field-independent (q)
representation. Hence, if one considers the problem of an electron in the presence of a radiation field interacting with the lattice phonons via the potential V ( r ) , described by H = ( 1 / 2 m )~+ ( e / c ) A ( t ) ] * + V ( r ) ( 6 ) and go from the I / J representation to the Q, representation by means of the unitary transformation U , we transfer the field dependence from the kinetic energy term to the interaction potential, namely
where HO = -(h2/2m)V2 is the free-particle Hamiltonian in the absence of the radiation field.
Using equation (7), and allowing fok the incipient harmonic lattice Hamiltonian, the total Hamiltonian in the second quantisation formalism (in the prepresentation) is thus given by
where &k = h2k2/2m is the energy of an electron with wavevector k = (k,, ky ), o9 = sq is the frequency of a phonon q = ( q , , q y ) and V9 = q E D ( h / 2 p V~, ) "~ is the deformation-potential electron-phonon coupling. Here, p is the density of the semiconductor, s is the sound, and ED is the deformation potential constant. Expanding exp( -iq . 6 ( t ) ) as a series in Bessel functions, namely,
and substituting in into equation (8), one gets:
Equations (7) and (9) tell us that, under the influence of a laser field, the interaction potential V becomes laser-dressed, i.e. V + V ( r -6(t)). This dressed potential is explicitly dependent on time and therefore cannot produce a stationary electron-phonon interaction. However, there are two different ranges of frequencies U in which the electron sees an approximately stationary electron-phonon interaction. First, if the period of oscillation of the radiation field is much larger than the electron relaxation t, then the electron can reach a steady state in a time At % tbut still short enough compared to o-*, so that V ( r -6 ( t ) ) = V(r -6(t + A t ) ) . That is, for w t + 1, the electron is too fast to see the interaction potential distortion induced by the laser field. Accordingly, in this low-frequency (or adiabatic) limit one may ignore the radiation dressing of the electron-phonon interaction and therefore no significant change in the mobility should be observed; i.e. the usual field-free results apply. In contrast, in the high-frequency limit, where ut % 1, the electron motion is dominated by the oscillation in the laser field and, consequently, should see a dressed interaction potential. That is, for ot > 1, we see that the terms in equation (9) with n # 0 oscillate very rapidly and are therefore vanishingly small. Thus, for w t % 1, the dominant term in equation (9) is then = 0 term, so that we may say that for high-frequency dressing fields OUY system is actually described by the time-average Hamiltonian (H) = E EkCk+Ck + I: hw,a,+a, + I3 V9ck++qckaq + cc where V9 = V9J0 (qa) is the laser-modulated electron-phonon coupling.
and Awad 19Sl), we obtain the electron scattering rate l/t by acoustic phonons as:
Using equation (lo), and performing the standard calculations (Hess 1979, Arora where ti' = mEbkg T/p2dh3 is the field-free scattering rate for carriers confined in a quasi-two-dimensional structure (Arora and Awad 1981) . In arriving at equation (11) we have assumed the elastic limit at high temperature ( h o , + kB T), in which the phonon distribution function Nq is approximated by N , = kB T,/ho, . We note that in the absence of the laser field (i.e. for a = 0), using the fact thatJz(0) = 1, equation (11) reduces to the usual field-free result (Arora and Awad 1981) . In contrast, in the opposite limit of very large laser fields (i.e. for a + m) the Bessel function in equation (11) gets smaller ( J ? ( z ) -l/nz for large z ) . Consequently, at large laser fields, one should observe a decrease of the phonon scattering rate and a corresponding increase in the carrier mobility. In other words, the effect of a high-frequency radiation field (oz B 1) is to produce a laser-modulated electron-phonon coupling such that on increasing the laser field strength a decreasing in the phonon scattering rate sets in. Physically, this weakening effect of the laser field may be understood, on rather general grounds, by considering the Hamiltonian (6) describing the problem of one electron in a laser field interacting with the lattice potential. In the case of a strong laser field such that eA 2> 1 Vi, the Hamiltonian (6) may be approximated by its first term, which is the free-particle Hamiltonian. That is, under strong laser fields, the electron is moving very fast so that its interaction with the environment (i.e. the phonons) tends to weaken. The above conclusions are indeed confirmed by the explicit calculation of the carrier mobility as follows. Starting from the electron relaxation time tk and assuming a nondegenerate electron gas, the electron mobility is readily obtained from (11) 
S ( x )
where we have defined the function S(x) as
In our calculations we have introduced the parameter p = (Z/Z,)'/' as a measure of the laser intensity I in units of I, = cn@h2w4/32ne2k~ T, where no is the refractive index of the semiconductor. For the case of a typical GaAs quantum well sample (m = 0.07 me, no = 3.46) with d = 508,, irradiated by a CO2 laser at room temperature, I, = 0.75 GW cm-2, which is well within the present capabilities. For example, for an active area of 8 X lov4 cm2, which is typical of most GaAs quantum wells (Kasemset er a1 1982), the above value of the critical intensity I, can be reached with 1 ns CO2 laser pulses of 0.60 mJ of energy and a beam diameter of 0.3 mm. In figure 1 , we present the results of our numerical calculations for the reduced mobility p = p/p,, (p,, = eto/m), obtained from equation (12), as a function of the reduced intensity i = Z/Z,. It follows from this plot that in the presence of an intense laser field, the carrier mobility in layered structures becomes a monotonically increasing function of the laser intensity, as anticipated above. To get an estimate for the effects reported here, let us consider the above example of a GaAs sample irradiated by a CO2 laser, at room temperature. For this case, we note from figure 1 that the carrier mobility is double that of the field-free result already for A = 1.5 or I = 1.31 GW cm-2, which, for an active area of 8 x cm2, corresponds to a peak power of 1.05 MW. Even though this value for the laser power seems to be relatively modest, it may be sufficiently high for the thermal effects to smooth out the above predictions. This entails that one should also impose another condition, namely that the temperature fluctuation A Tinduced by the laser beam should be negligible, or at most equal to the room temperature. This additional condition can be easily met by working with nanosecond or sub-nanosecond pulses, as follows. The temperature rise AT due to the absorption of a 10.6 pm square laser pulse of duration tp is equal to A T = c&tP/pc, where a is the absorption coefficient and c is the sample specific heat. For GaAs one has (Pankove 1971, Grove 1967): CY= 9 cm-' at 10.6 pm for a carrier density of 3 x lo" ~m -~, c = 0.35 J-' g-' OC-', and p = 5.32 g ~m -~. Thus, for a pulse duration of 1 ns, A T equals 6.3 "C for a CO2 laser intensity of 1.31 GW cm-'. This means that, by using short laser pulses, the heating effects can be avoided and, consequently, the conditions for the observation of the predicted laser enhancement of the carrier mobility obtains.
